ABSTRACT. Biogas technology plays a vital role in
INTRODUCTION
The power consumption in Sri Lanka is increasing with the population growth. The present generation of power in the country is not enough to fulfill the demand. To overcome the issue, conversion of agricultural crop residues and other biological by-products into an energy source is an appropriate option. Although there are few methods available for paddy straw reuse, such as animal feed, paper making, packing materials, growing mushrooms, a significant amount of paddy straw remains unused and burned in open fields, causing serious environmental and health problems. The concept of manufacturing biogas using paddy straw is practicable in Sri Lanka, where more than 40% of the farmers are engaged in paddy cultivation producing 4.1million metric tons of paddy (Department of Census and Statistics, 2008) of paddy resulting in almost the same amount of paddy straw annually (Champaign et al., 1999) .
Landfill bioreactors are the most popular method to produce biogas in the world due to the easiness of the operation and maintenance (Warith et al., 2005) . Other anaerobic digester systems are expensive to construct and difficult to maintain compared to landfill bioreactors. The landfill bioreactor shows long term biogas production due to the natural balance occurring in the reactor. In addition, there is no unfavorable odor released in the landfill bioreactor due to proper covering of it. The landfill bioreactor can hold a large quantity of waste than other anaerobic digesters. One of the main advantages of the landfill bioreactors is that, the composted material can be utilized as fertilizer once the biogas generation ceases.
Research shows that the majority of soils in main rice growing areas are low in organic matter (Wickramasinghe and Wijewardena, 2003) . Under such conditions, retention of plant nutrients is low. In general, organic manures are useful in conserving soil fertility. Rice straw, animal manure, green manure, city waste and crop waste could be used as sources of organic manure to maintain the organic matter content in soil (Wijewardena, 1993; 2000) .
When incorporating straw into soil as a practice, there is a promotion of methane (CH 4 ) generation. The application of rice straw substantially increases CH 4 emission rates (Yagi and Minami, 1990) . Therefore, adding humidified substrates such as compost is better than direct application of straw into the field (Schutz et al., 1989) .
Production of biogas using paddy straw will satisfy most of the energy demand of the country and also prevent environmental pollution caused by gasoline and reduce the methane generation from paddy fields. Agricultural wastes such as paddy straw are renewable energy sources and a highly valued organic fertilizer. Thus, converting paddy straw into energy would benefit farmers as well as other communities in the country. In this context, the main objective of this study was to design and test a lysimeter simulation of a landfill bioreactor to generate biogas (methane) using paddy straw, animal manure and green manure.
METHODOLOGY

Experimental site
The lysimeter was designed at the Solid Waste Management Research Unit (SWMRI), in the Department of Agricultural Engineering, University of Peradeniya. Estimation of methane emission and evaluation of the performances of the lysimeter was conducted at Meewathura University farm, Department of Agricultural Engineering. Laboratory testing was carried out at the Agricultural Biotechnology Center and at the Department of Agricultural Engineering.
Design of the lysimeter
The objective of designing of the clay-polythene-clay liner was to ensure leachate purification so that the leachate would not affect the environment. Leachate filters through the lining materials and is purified. Combination of the clay-polythene-clay liners is important for the purification process. Mixture of clay-polythene is a biofilm (Gunarathna et al., 2007) . For purifying the leachate, the hydraulic conductivity of these liners is important.
Hydraulic conductivity was measured at two different heights. Constant water head was maintained until the hydraulic conductivity was measured. In this system, recirculation was done at two different heights as such, the recirculation pipes were placed at the top and middle of the lysimeter. Leachate was recirculated through the middle pipe and the rainfall water and leachate were added from the top pipe. Valves were used to change the leachate recirculation pathway. The top pipe was placed 3 m rom the top of the clay-polythene-clay liner and the middle one was placed 1.5 m above the liner.
Operational procedure of lysimeter
Steps of feeding the lysimeter
Initially, the leachate collecting pipes were placed and then straw was placed with water and compacted. Straw was placed up to 27 cm height from the liner and then cow dung was applied as a 3 cm layer. Prior to that, water was added to the cow dung at 1:1 ratio. Then more straw was placed with water and compacted. Altogether 431 kg of straw and water were added for compacting the straw at 1:1 ratio. Straw was filled up to the top leachate recirculation pipe and then green materials were added. Top recirculation pipe was placed after that. Then the settlement measuring rod was placed and lysimeter was closed by a cap.
Fabrication of temperature sensors and gas collecting system in lysimeter
The gas emission system required the use of two perforated pipes. The placing of those pipes was in the middle of the lysimeter at two different heights. The first one was installed 50 cm above the bottom liner and rose to the top of the lysimeter. The second one was placed from the middle and rose to the top of the lysimeter. The fabrication of sensors was done with LM35 transistors and they were covered with metal caps and wires were covered by flexible PVC pipes. These sensors were placed on the top of the bottom clay-polythene-clay liner, 3 m above the clay-polythene-clay liner and the final one was placed on the gas chamber. Fig.  1 shows the sketch of Lysimeter design. Markus et al. (1985) Nitrate nitrogen Markus et al. (1985) 1.2m
Head space manometer Fig. 2 shows the settlement characteristics of straw in the lysimeter. Settlement of wastes can be a result of series of mechanisms like introduction of liquid into waste, including lubrication of contacts in the waste, softening of flexible porous materials, increasing the unit weight of the waste, and biodegradation (Benson et al., 2006) . Typically, with the placement of waste in the lysimeter, initial settlement was high due to re-arrangement of waste skeleton. It was observed that the quantity settled was proportional to the leachate circulated.
In the first week, leachate recirculation was at a lower rate than the second and third weeks. The rate was 50 L day -1 in the first week, then increased to 100 L day -1 . Removing 2 L of leachate and 5 L of fresh water did not effect the settlement. Then again, 90 L of leachate were removed on the 35 th day and 130 L of leachate were removed on 37 th day. However, on the 36 th day, 75 L of fresh water were added to stimulate the gas production. Nevertheless, high amount of leachate removal affected settlement. After 45 days, settlement did not change. It was due to the lack of recirculation events and adding of fresh water. Leachate recirculation helped promoting the waste settlement by allowing the leaching of hydrolyzed wastes into the bottom part of the lysimeters. The leaching of hydrolyzed wastes created higher porosity within the waste layer and the settlement took place once leachate had been drained out from the lysimeters. Variation of settlement in the lysimeter
Gas production
Degradation of the solid waste in a landfill bioreactor enhances the landfill gas production and increases the methane production with time. Fully anaerobic condition and the leachate head at bottom of the reactor may be influence landfill gas production (Karunarathne, 2007) . In this reactor, gas production increased in the first four days and it gradually decreased and ceased after 23 days. After 34 days, gas production recommenced and increased. This may be attributed to pH variation in the leachate. The pH range from 7-8 is favorable for the methonogenic bacteria (Benson et al., 2006) . Acidogenic bacteria would have produced organic acids, which tend to lower the pH of the bioreactor. Methanogenic activities would have taken place in the acidogenic phase within microenvironments that were undergoing methanogenic phase reactions. In this study, the initial pH was 6 and it gradually decreased to 5.1. Therefore, an attempt was made to increase the pH by replacing a portion of leachate by fresh water. Then the pH gradually increased to 7.25, thus, increasing the gas production (Fig. 3) . 
Variation of temperature and hydraulic conductivity
It is evident that the temperature of the gas chamber fluctuated due to the environmental temperature variations. Middle temperature remained steady and sometimes gradually increased. Bottom temperature did fluctuate occasionally but with little variation. It was around 30 °C. This may be due to the saturation of the bottom layer with water. A temperature between 32 °C and 35 °C was shown to be the most efficient for stable and continuous production of methane. The hydraulic conductivity values were very low permeating through the liner. It was effective in the mineralization and the purification of the leachate.
Quantity of leachate
Leachate is a significant component in landfill bioreactors affecting the degradation of waste by enhancing favorable conditions for microbial growth. In addition, it has a noteworthy effect on landfill gas production (Karunarathne, 2007) . In the lysimeter simulation of the paddy straw landfill bioreactor, anaerobic conditions prevailed. The quantity of leachate in the lysimeter did stimulate anaerobic conditions. Inevitably, the amount of leachate in the reactor had increased the hydrolysis reactions. This increase in hydrolysis caused a decrease in pH and thus affected the gas production. Initially, water was a good medium to compress the straw, thus, 1704 L of water were added to the lysimeter, which gave a 2.3 m leachate head above the liner. Furthermore, to increase the pH from the 5.1 to 5.4, 5 L of fresh water was added while 2 L of leachate were removed. The removal of leachate and adding of freshwater was repeated similar to the section of settlement of the lysimeter and results are shown in Fig. 4 . 
Variation of electrical conductivity (EC) and total dissolved solids (TDS)
The variations of the EC and TDS in leachate are shown in Fig. 5 . Both TDS and EC varied in a similar manner and both gradually decreased until the 49 th day. The reduction of TDS indicates the utilization of TDS for bacteria. When there was a change in the TDS, EC also followed the same change. Towards the end of the study period, both of these parameters increased, promoting gas productions. 
Variation of Electrical Conductivity and Total Dissolved Solids in leachate Variation of total solids (TS) and volatile solids (VS)
The TS content did not vary significantly. Nevertheless, the VS gradually decreased with time. Both parameters showed a cyclic pattern of variation. This phenomenon may be due to the mineralization of inorganic components in the biomass. Increased concentration of inorganic components (ash) becomes toxic to microbes, but due to the effect of liner system, mineralization takes place and control the accumulation of ash (Fig. 6) . 
Variation of total solids (TS) and volatile solids (VS) in leachate
Variations of total suspended solids (TSS), volatile suspended solids (VSS), total dissolved solids (TDS) and ash Fig. 7 shows cumulative curves for TSS, VSS and TDS. The VSS represents the bacterial growth. Therefore, TSS variations show a cyclic behavior. The VSS also followed a similar cyclic pattern. In fact, it is possible to identify three cycles in this graph. The difference between TSS and VSS can account for ash. When the microbial growth increases, VSS concentration increased. After death of the microbes, VSS decreased. In the next cycle of the microbial growth, VSS once again increased.
When the microbial growth varied, inevitably, the degradation of organic matter also varied. Therefore, the TSS variations showed a similar pattern to VSS variations. In fact, TDS also changed in a similar manner, since hydrolysis and acidogenic reactions on converting solids to dissolved substrate depended on microbial activities. . The BOD concentrations decreased after 63 days. This may be due to slow release and hydrolysis of organics from the straw into leachate and lack of recirculation may also have contributed to reducing the anaerobic process. During the experimental period, organic carbon content and Brix gradually decreased. Microbial decomposition of organic carbon and sugar content influences microbial activity and BOD Microbial decomposition of organic carbon influences many processes of the nitrogen cycle. With time, nitrogen concentration decreased due to microbial utilization of nitrate compounds and denitrifying as ammonia gas (Wu et al., 2006) . Nitrate nitrogen and ammonium nitrogen showed similar variation trends (Fig. 9) . Nitrate nitrogen increased to 60 mg L -1 during the first 35 days and decreased gradually to 21.6 mg L -1 and again increased. The NH + 4 -N concentration of the leachate was lower than NO 3 --N. After day 76, the NH 4 + -N and NO 3 --N concentrations decreased gradually. As reported by Hartmann et al., (2003) ammonia accumulation takes place and subsequently reduced. It may be a result of toxicity which affects microbial activity and ceases the gas production. Landfill leachate treatment is normally focused on the removal of organic matter and nitrogen, with little attention paid to the changes in toxicity during treatment. Toxicity is a consequence of numerous contaminants in leachate, their synergistic or antagonistic effects and different physicochemical properties and toxicity tests may thus give more information about leachate quality than do chemical analysis alone. Both biological and physical-chemical methods have been applied to remove chemical oxygen demand (COD) and ammonia-nitrogen (NH 4 + -N) from landfill leachates (Zhimin et al., 2009) (Fig. 9) . 
CONCLUSIONS
The biogas production of the lysimeter fluctuated when compared to previous studies done on the same experimental site in the University of Peradeniya. Production of biogas during the study period was substantial. Maximum gas productions were recorded during the second and third weeks of experimentation. However, after the third week, gas emissions ceased due to pH reduction and the accumulation of leachate above the middle clay layer. This affected negatively on the biogas movement inside the lysimeter. Both fresh water addition and the removal of existing leachate gave positive effects to the gas production. The settlement of the lysimeter occurred rapidly due to low compaction and recirculation of leachate. The settlement indicated the biodegradation and physical movement of material in the lysimeter. Leachate of the lysimeter was a better indicator of biodegradation. It also provided the basis for understanding landfill bioreactor dynamics. The variations of TS and VS were indicative parameters of the conversion of complex organic compounds into soluble organic molecules in hydrolysis reactions. TSS and VSS gradually increased in a cyclic pattern due to changes in the microbial population within the lysimeter. The BOD concentrations decreased after 63 days and this may be due to slow release and hydrolysis of organics from the straw into leachate and lack of recirculation may also have contributed to reduce the anaerobic process. During the experimental period, organic carbon content and sugar content (Brix) gradually decreased. Microbial decomposition of organic carbon and sugar content did influence microbial activity and BOD. After 100 days, gas production was very low due the toxicity effects of NO 3 --N or NH 4 + -N. To overcome this effect adding fresh water was necessary. The simulated lysimeter performed satisfactorily. Therefore, the next step is to evaluate the performance of a landfill bioreactor 'Test Cell'.
